Giant positive magnetoresistance in metallic VO^; thin films 
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We report on giant positive magnetoresistance effect observed in VOa: thin films, epitaxially 
grown on SrTiOs substrate. The MR effect depends strongly on temperature and oxygen content 
and is anisotropic. At low temperatures its magnitude reaches 70% in a magnetic field of 5 T. 
Strong electron-electron interactions in the presence of strong disorder may qualitatively explain 
the results. An alternative explanation, related to a possible magnetic instability, is also discussed. 



Transition metal oxides (TMO) with strong electronic 
correlations show many fascinating phenomena, like high 
temperature superconductivity, spin-charge separation, 
quantum criticality, or colossal negative magnetoresis- 
tance. The rich physics of TMO is due to strong coupling 
of spin, orbital and lattice degrees of freedom. Their com- 
plex interplay is controlled by a large number of struc- 
tural and chemical factors, which makes the search for 
the new oxide materials, where the fine tuning of chem- 
ical composition and steric parameters might yield new 
unexpected electronic and magnetic properties, of an ap- 
parent fundamental and applied interest. 

A quite unexplored class of oxides containing transition 
metal ions are the monoxides of vanadium and titanium. 
In these oxides the overlap of the metal t2g orbitals can 
be tuned by changing the oxygen stoichiometry, which of- 
fers the control of the width of the t2g band responsible 
for electron conductivity. Owing to a broad character- 
istic stoichiometry range, small changes in composition 
and/or local geometry can induce rather diverse physical 
properties. The oxygen content x in vanadium monoxide 
VOx, may deviate substantially from 1 (0.8 < x < 1.3). 
Remarkably, already small variations of x can induce 
changes in the electrical conductivity: A gradual tran- 
sition from a metallic to a semiconducting behavior has 
been observed in the bulk 1] and in thin films 0- An- 
other important feature is an intrinsic disorder. Even 
stoichiometric VO contains ^ 16% atomic vacancies in 
both sublattices, distributed at random. 

In this paper we report on giant positive magnetoresis- 
tance (up to 70% in a magnetic field of 5 T) observed at 
low temperatures in compressively strained metallic VO^: 
thin films (0.8 < x < 1). The positive sign of the effect, 
i.e. the increase of the resistance with applied magnetic 
field, implies different underlying physics as compared to 
metallic multilayers or manganite perovskites, where, as 
a rule, the resistance decreases with field We discuss 
possible mechanisms of this unusual effect, which might 
be related to electron-electron interaction in the presence 
of strong disorder, or to the proximity of the system to 



magnetic instability. 

The 100 A thick VO:^ films were grown on SrTiOa 
(001)(STO) substrates by Molecular Beam Epitaxy. To 
prevent after-oxidation, the films were capped with a 
thin MgO layer. The oxygen content x was determined 
using -'^^02-Rutherford Backscattering Spectrometry, as 
described in Ref. 2. Single-phase material was obtained 
for x-values varying from 0.8 to 1.22. In-situ RHEED 
proved the layer-by-layer growth, with the same orienta- 
tion as the underlying substrate. The high quality of our 
samples was further confirmed by x-ray analysis, which 
shows that the film grows in a full coherence with the 
substrate, i.e the in-plane film and substrate lattice con- 
stants are identical (3.903 A). The out-of-plane lattice 
constant varies between 4.003 A for x^O.S and 3.974 A 
for X = 1.22. Resistance and magnetoresistance (MR) 
were measured by the standard four-point probe method, 
in a commercial PPMS system, equipped with a rotatable 
sample holder, at temperatures between 2 and 300 K. For 
the MR measurements the magnetic field was varied be- 
tween 5 T and -5 T, applied either perpendicular to the 
film plane, or in the film plane and parallel to the cur- 
rent. The Hall coefficient was measured in the square 
geometry using a conventional ac bridge. Electrical con- 
tacts of 10 nm of Cr metal were evaporated on the STO 
substrates, prior to deposition of the VOa; layers. 

In a previous study we found that the resistivity of 
YOx films grown under tensile strain on MgO substrates 
is orders of magnitude larger than for bulk material of 
the same composition 0. Consistently, in this study 
we find much lower resistivities for VO^; films on STO. 
Presumably, this is due to the increase in the direct over- 
lap between t2g orbitals of neighboring metal ions in the 
compressively strained films. From Fig. 1 it is evident 
that there is a gradual transition from metallic to semi- 
conducting behavior at about x = 0.94. 

In Fig. 2 we compare the temperature dependence of 
the resistivity p of the VOx sample with x — 0.82 mea- 
sured in zero magnetic field H with that in an applied 
field of 5 T. p{T) strongly decreases with decreasing tem- 
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FIG. 1: Resistivity of VO^/STO films for different x. 

perature, reaches a minimum with the value of ~ Sfxflcr.^ 
at T = 25 K, and increases steeply at still lower tem- 
peratures. The strong T-dependence of p and extremely 
low residual resistivity implies that the electronic conduc- 
tion is mainly due to electron-electron scattering. The 
decrease of conductivity related to the steep upturn of 
p{T) below 25 K follows very well a y/T law (see left in- 
set in Fig. 2). As to the field dependence, the two curves, 
p{T, H = 0) and p{T, H = 5T) are indistinguishable down 
to ~70 K. Surprisingly, at lower temperatures the appli- 
cation of magnetic field increases the resistivity. 

In the inset at the right of Fig. 2 we show the tempera- 
ture dependence of MR defined as {[p{H) — p(0)]/p(0)}x 
100%. The sign of the MR is positive and its magnitude 
increases smoothly with decreasing temperature, both in 
a drastic contrast to the negative colossal MR observed 
in the mansranites M. 
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FIG. 2: The resistivity of VO^ film with x =0.82 at zero field 
and at H = 5 T. In the inset at the right, the magnetoresis- 
tance is shown. In the inset at the left we show the fit of the 
low-temperature increase of resistivity by the 1/\/T law. 

A representative field dependence of MR for the x = 
0.85 sample at several selected temperatures is shown in 
Fig. 3a. The curves were obtained in all cases by increas- 
ing the field from zero to 5 T, sweeping it then to -5 T 
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FIG. 3: (a) The magnetoresistance of VOx film with x — 
0.85 for different temperatures, (b) The magnetoresistance of 
VOa; films at 5 K for different x. (c) \/H dependence of MR 
at low temperatures, (d) Comparison of the transverse and 
longitudinal MR for x = 0.8 at 5 K. 

and turning H finally back to zero. Under field cycles, the 
MR shows no hysteresis. Moreover, no sign of saturation 
is observed up to 5 T. Except for small fields, the MR is 
proportional to \/H at low temperatures and gradually 
changes to an almost linear and finally quadratic depen- 
dence with increasing temperature (see Fig. 3c). 

A remarkable feature of the positive MR in VOa, films 
is its strong dependence on the oxygen stoichiometry 
(Fig. 3b). The effect is largest in the sample with the 
smallest oxygen content x — 0.8, where the MR amounts 
to 70 % at 5 K in a magnetic field of 5 T. Increase of x 
results in the decrease of the MR which finally becomes 
unobservable for x > 0.94, in an apparent correlation with 
the crossover from metallic to semiconducting regime of 
conductivity. 

A clear dependence of the MR on the direction of the 
applied field was found. In Fig. 3d we present the MR of 
the a; = 0.8 sample at T — b K with H perpendicular and 
parallel to the film plane and current direction. Positive 
transverse magnetoresistance (TMR) of about 70 % and 
a longitudinal, still positive, magnetoresistance (LMR) 
of 40 % was observed in a magnetic field of up to 5 T. 
Note that the TMR is always larger than the LMR. 

The behavior of the MR is clearly correlated with the 
Hall effect. Our measurements show that the Hall effect 
is quite strong, negative and linear in fields up to 5 T. In 
Fig. 4 we plot the carrier concentration and Hall mobility 
obtained from the Hall effect and resistivity data of the 
sample with x = 0.87. One can see that in the region 
of the strong change of the MR (for T bQK) the 
carrier concentration is essentially constant, whereas the 
mobility which at low temperatures is pretty high, starts 
to decrease. 
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FIG. 4: The number of carriers/f.u and the HaU mobihty of 
YOx film with x =0.87 as the function of temperature in the 
field of 5 T. 
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FIG. 5: ESR spectra of VO:r/STO samples, (see text) 



To elucidate magnetic properties of the VO^; films we 
have measured electron spin resonance (ESR) of the sam- 
ples with X ranging from 0.8 to 1.2. ESR has been mea- 
sured using a Bruker spectrometer at X-band frequency 
9.48 GHz and at temperatures between 1.9 and 300 K. A 
set of representative spectra (field derivatives of the ab- 
sorbed microwave power dP(H)/dH) is shown in Fig. 5. 
The fingerprint of the VOa:/STO samples with x < I 
showing a large positive MR is the occurrence at low tem- 
peratures of an intense broad microwave absorption con- 
sisting of several overlapping peaks. The signal emerges 
below 20-25 K. At still lower temperatures it increases in 
intensity and acquires a structure (Fig. 5a). Remarkably, 
in the same temperature interval the resistivity shows an 
upturn (Fig. 2). In contrast, the samples with x > 1 as 
well as the STO substrate itself are ESR silent and show 
only a small spurious signal at Hres — 3.3 kOe (Fig. 5b), 
which can be attributed to the small amount of param- 
agnetic impurities in the substrate. 

The signal observed in the VOa; films (x < 1) is remi- 
niscent of ferromagnetic resonance in strongly inhomoge- 
neous ferromagnetic films, like, e.g., as-grown manganite 
films 5] . Owing to an inhomogeneous distribution of the 
magnetization across the film multiple broad lines occur 
in the spectrum. Apparently, a similar spectrum might 
be expected if the sample is not yet ferromagnetic but 
contains randomly distributed mesoscopic spin clusters. 

The positive magnetoresistance which we found in the 
VOx films is quite unusual in several respects. First of all, 
surprising is the very large magnitude of the effect. The 
ordinary positive MR in metals is usually rather small, 
less than a few percent. Its size is determined by uJcT, 
where ujc — eH/m*c is a cyclotron frequency, and r the 
relaxation time, which is proportional to the mean free 
path I. Here e is the electron charge, m* is the effective 
carrier mass and c is the speed of light. One may conclude 
that in our sample the value of I is rather large, as the 
residual resistivity is quite low. Still, it is difficult to 
expect a MR of 70%. Besides, the MR is also very large 



(~ 40%) for the parallel field geometry ( see Fig. 3d), for 
which one would not expect a strong orbital contribution 
in our thin films. 

Another feature which is different in our samples is 
the field dependence. The conventional MR in metals 
is quadratic in field (only at the ultraquantum regime it 
may be linear j^), whereas as one sees from Fig. 3, it 
is not the case in our VOa, films. As is discussed above, 
the character of the field dependence changes gradually 
with increasing T from square root, to linear and finally 
to quadratic. In particular, the linear regime resembles 
the MR in nonstoichiometric Ag2±5Se, Ag2±5Te (for 
which positive MR is linear in field and larger in magni- 
tude). 

The explanation of the unusual behavior of the MR in 
YOx films may be thought in the specific electronic and 
crystal structure of this compound. On the one hand, as 
always in transition metal oxides, the electrons are ap- 
parently rather strongly correlated. On the other hand, 
there exists strong intrinsic disorder in VOj,, which al- 
ways contains about 10 — 20% of vacancies in both anion 
and cation sublattices. The role of the structural disor- 
der has been recently discussed by Goodenough et al. ■ 
Thus, altogether one should view this system as the one 
with strong disorder and strong interaction. 

Theory predicts (see e.g. Ref. |^ that in metals with 
the electron-electron interaction and disorder, a square- 
root singularity appears in the density of states at the 
Fermi level, with the corresponding anomalies in trans- 
port properties, including MR. The correlation between 
the behavior of the MR in VO^, films with that of the 
Hall effect, discussed above, suggests that indeed the in- 
terplay between interaction and disorder may be decisive 
for the observed effects. Thus, the low-temperature re- 
sistivity of our metallic films of VOa; is ~ 1/VT (see 
left inset in Fig. 2), which agrees with this model. The 
MR should behave as y/H in high fields, at least for the 
case of relatively weak disorder and interaction, treated 
in these papers Our MR effect is qualitatively sim- 
ilar to this behavior, although it is much stronger than 
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those expected from theoretical considerations [lOj. One 
reason for this may be the much stronger disorder and in- 
teraction in our system. The effect may be also enhanced 
by the paramagnon scattering 

In spite of the qualitative similarity with the case of 
the weakly interacting disordered systems, one still can 
not exclude alternative explanations of the observed large 
positive MR in the thin films of VO^;. In particular, one 
can expect that our system may be rather close to mag- 
netic instability. Relatively broad bands and/or strong 
disorder may prevent the formation of long-range mag- 
netic ordering, although short-range magnetic correla- 
tions may still exist. Indeed, our ESR study of VO^: 
films has shown that a rather strong but quite unusual 
(broad, consisting of several overlapping lines) ESR sig- 
nal appears, which one might expect from, e.g., random 
magnetic clusters. 

Our situation is definitely different fro ni, e.g.. that in 
phase-separated manganites (see, e.g., R.ef. ll2Lll3l) . where 
the presence of " preformed" ferromagnetic metallic clus- 
ters and their growth in size with field leads to the colos- 
sal negative magnetoresistance. However, we can visual- 
ize the following scenario: In our inhomogeneous system 
there may be no preformed magnetic clusters, but the 
magnetic susceptibility x may be strongly spatially inho- 
mogeneous, owing to, e.g., strong disorder. Then in the 
external field the parts of the film with larger x will de- 
velop larger magnetization. But according to the conven- 
tional double-exchange model the energy of conduction 
electrons in these magnetized regions would decrease, 
and the electrons of our sample would redistribute: The 
electron concentration in these regions would increase, 
whereas the regions in between would be depleted. If the 
system is still below a percolation threshold, this would 
lead to the total increase of resistivity, owing to creation 
of more insulating barriers Il4|, i.e. to the total posi- 
tive MR. This picture is also consistent with the ESR 
data, although it is not clear whether it would give the 
observed dependence of the MR on H and T. 

To conclude, we observed a surprisingly large (up to 
70% in the field of 5 T) positive magnetoresistance in 
thin YOx films, grown epitaxially on the SrTiOa sub- 
strate, which behaves at low temperatures as ^/H in high 
fields. We argue that the possible explanation of the ob- 
served behavior may rely on the interplay of the electron- 
electron interaction and disorder. The effect observed 
above is much stronger than that predicted theoretically, 
but this can in principle be connected with the much 
stronger interaction and disorder in our case. Still, alter- 
native explanations, e.g. relying on the inhomogeneous 
magnetic susceptibility and the proximity of our system 
to magnetic ordering, can not be excluded. In summary, 
the compressively strained VO^, system seems to be quite 
unusual in many respects, and its properties, especially 



an extremely strong positive magnetoresistance, deserve 
further study, and possibly can be useful in applications, 
e.g. in spintronics. 

We are grateful to T. T. M. Palstra, R. de Groot, L. H. 
Tjeng, P. A. Lee, I. Elfimov, G. A. Sawatzky, P. Little- 
wood, and M. V. Mostovoy for useful discussions. This 
work was supported by the Deutsche Forschungsgemein- 
schaft through SFB 608 and by the Netherlands Founda- 
tion for Fundamental Study of Matter (FOM). 



[1] M. D. Banus, T. B. Reed, A. J. Strauss, Phys. Rev. B, 
5, 2775 (1972). 

[2] A. D. Rata, A. R. Chezan, T. Hibma, M. W. Haverkort, 
L. H. Tjeng, H. H. Hsieh, H. J. Lin, C. T. Chen, 
cond-mat/0301263 

[3] In some cases one observes in layered materials a pos- 
itive magnetoresistance, which is usually ascribed to a 
change of an interlayer scattering with field, see F. Tsui, 
C. Uher, and CP. Flynn, Phys. Rev. Lett., 72, 3084 

(1994) ; G. Verbanck, K. Temst, K. Mae, R. Schad, M. 
J. Van Bael, V. V. Moshchalkov, and Y. Bruynseraede, 
Appl. Phys. Lett., 70, 1477 (1997); R. Mallik, E. V. Sam- 
pathkumaran, and P. L. Paulose, Appl. Phys. Lett., 71, 
2385 (1997); R. H. McKenzie, J. S. Quails, S. Y. Han, 
and J. S. Brooks, Phys. Rev. B 57, 11854 (1998). 

[4] P. Schiffer, A. P. Ramirez, W. Bao, and S-W. Cheong, 

Phys. Rev. Lett., 75, 3336 (1995). 
[5] S. E. Lofland, S. M. Bhagat, H. L. Ju, G. C. Xiong, T. 

Venkatesan, and R. L. Greene, Phys. Rev. B 52, 15058 

(1995) . 

[6] A. A. Abrikosov, Phys. Rev. B, 58, 2788 (1998); Euro- 
phys. Lett., 49, 789 (2000). 

[7] R. Xu, A. Husmann, T.F. Rosenbaum, M.-L Saboungi, J. 
E. Enderby, and P. B. Littlewood, Nature 390, 57 (1997). 

[8] J. B. Goodenough, F. RivaduUa, E. Winkler, and J.-S. 
Zhou, Europhys. Lett., 61, 527 (2003). 

[9] B. L. Altshuler and A. G. Aronov, Electron-electron In- 
teractions in Dissordered systems, edited by M. Pollak 
and A. L. Efros, North-Holland, pp. 1-153, (1985); B.L. 
Alt'shuler et al, Phys. Rev. B, 22, 5142 (1980); B. L. 
Al'tshuler et al, Sci. Rev. A. Phys. 9, 223, (1987); P. A. 
Lee and T. V. Ramakrishnan, Rev. of Mod. Phys., 57, 
287 (1985). 

[10] From the relations presented in Ref. 8 , with our values 
of parameters (concentration of charge carriers, zero field 
residual resistivity, Fermi temperature and Hartree term 
F=l) one would obtain at the field of 5T the MR of only 
about 1% (see also S. Morita et al, Phys. Rev. B., 25, 
5570 (1982)). 

[11] G. Kastrinakis, Europhys. Lett., 42, 345 (1998). 
[12] E. Dagotto, T. Hotta, and A. Moreo, Phys. Rep. 344, 1 
(2001). 

[13] D. Khomskii, Physica B, 280, 325 (2000). 
[14] D. Khomskn and L. Khomskn, Phys. Rev. B, 67, 052406 
(2003). 



